Purpose: Nonalcoholic fatty liver disease (NAFLD) is considered the most common form of silent liver disease in the United States and obesity is associated with increased risk of NAFLD. Obstructive sleep apnea (OSA) which is common in obese individuals is associated with a greater incidence of NAFLD, which in turn, increases the risk for hepatocellular carcinoma (HCC). It is unclear how obesity, OSA and NAFLD interrelate nor how they collectively contribute to an increased risk for developing HCC. Patients and methods: Male BALB/c mice were exposed to diethylnitrosamine and phenobarbital followed by 48 weeks of either standard chow diet (chow), chow with hypoxia, high-fat diet, or a combination of hypoxia and high-fat diet. We noninvasively monitored tumor development using micro-CT imaging. We tracked the total weight gained throughout the study. We evaluated liver histology, fat accumulation, carbonic anhydrase 9 (CA9) and hypoxia-inducible factor 1-alpha (HIF-1α) expression, as well as, serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Results: A high-fat diet without hypoxia led to the development of obesity that induced hepatic steatosis and promoted tumorigenesis. Animals on a high-fat diet and that were also exposed to hypoxia had lower total weight gain, lower steatosis, lower serum AST and ALT levels, and fewer number of hepatic adenomas than a high-fat diet without hypoxia. Conclusion: These findings suggest that hypoxia abrogates obesity, hepatic steatosis, and hepatic tumorigenesis related to a high-fat diet.
Introduction
Primary liver cancer is the second most common cause of cancer-related mortality globally and the seventh most common cause of cancer-related deaths in the United States. 1 Incidence rates of hepatocellular carcinoma (HCC), the most common form (70-90%) of liver cancer, has nearly tripled over the past three decades. 2 One factor that may account for the increasing incidence of HCC is obesity. Large scale epidemiological analyses have confirmed a strong link between an increase in liver cancer and obesity. 3, 4 A body-mass index (kg/m 2 ) of ≥30.0 is significantly associated with higher rates of cancer-related deaths, including liver cancer. 5 One co-morbidity associated with obesity is obstructive sleep apnea (OSA), a state of chronic intermittent hypoxia. OSA has been linked to liver disease, primarily nonalcoholic fatty liver disease (NAFLD) as well as increased cancer mortality [6] [7] [8] and the chronic hypoxia caused by OSA can alter hepatic lipid metabolism and induce pathological changes in the liver that predispose to HCC. 9,10 NAFLD occurs when excess fat is stored in the liver. NAFLD has become an important public health problem because of its high prevalence and potential progression to severe liver diseases, such as nonalcoholic steatohepatitis (NASH), cirrhosis, and liver failure. 11, 12 Diet-induced obesity (DIO) and hypoxia individually increase hepatic lipid accumulation, an essential characteristic of NAFLD, thereby creating a fertile soil for liver carcinogenesis. 13, 14 In HCC, hypoxia-inducible factor 1-alpha (HIF-1α) was consistently found to be overexpressed in tumor tissue. 15 Hypoxia-induced HIF-1α signaling, exacerbates lipogenic pathways, accelerating NAFLD development which may give rise to HCC. 13 Here we investigated both the independent and combined effect of hypoxia and a high-fat diet on the development of HCC. Our hypoxia model was induced by altering the fractional concentration of inspired oxygen within a computer-regulated sealed chamber in the absence of obesity and thus allowed us to investigate the individual and combined effects of diet-inducted obesity and hypoxia on the risk for developing HCC. We simulated chronic hypoxia (involving a combination of both intermittent and persistent hypoxia exposure) in order to simulate the hypoxia pattern in patients with severe OSA and obesityhypoventilation syndrome. We found that mice injected with the carcinogen, diethylnitrosamine, and fed a highfat diet developed liver steatosis and accelerated development of hepatocellular adenomas when compared to all other treatment groupshigh fat with hypoxia, hypoxia alone, and normoxia with standard chow. Unexpectedly, we showed that hypoxia abated the effect of a high-fat diet on weight gain. Our results suggest that steatosis induced by a high-fat diet was a strong promoter of liver tumorigenesis and that hypoxia suppressed the many detrimental effects of high-fat diet on the liver including suppression of liver tumorigenesis. Finally, steatosis-related tumor development strongly correlated to HIF-1α mRNA and HIF-1α protein expression levels and may serve as a novel early therapeutic target.
Materials And Methods

Mouse Model And Tissue Collection
Hepatocarcinogenesis was induced as reported previously. 16 At 28 days of age, mice were randomly assigned to either control or one of the four treatment groups. Age and gender-matched groups of mice without carcinogens or treatment were included in the study as additional controls. Mice were housed in an IACUC compliant facility with a 12 hr day/night light cycle and had access to standard mouse chow and water ad libitum. Mice were euthanized with CO 2 gas 48 weeks post-initiation of treatment exposure. Immediately after euthanasia whole blood was collected by cardiac puncture and livers were harvested, washed in sterile saline, observed for gross pathology, photographed, and halved. Half of the liver was fixed in 10% formalin and embedded in paraffin, while the other half was snap frozen. All animal studies were approved by the Institutional Animal Care and Use Committee at the University of Arizona.
Nutritional Treatment
Diet-induced obesity groups were fed a high fat diet (Envigo, TD 06414) while all other mice were fed a standard chow diet (Envigo, 7013 NIH-31). All were maintained on the respective diet for the duration of the study.
Hypoxia Exposure
During the 12 hr light cycle, mice in the hypoxia groups were exposed to a combination of intermittent and persistent hypoxia. Intermittent hypoxia consisted of 10 cycles per hour for 3 hrs (ranging from 20.95% FiO 2 to 9% FiO 2 ), followed by 6 hrs of persistent hypoxia (9% O 2 ), then another 3 hrs of intermittent hypoxia. The O 2 concentration control was maintained by a computerregulated flow of gas circulated through a sealed commercially designed chamber (OxyCycler A44XO, BioSpherix). During the 12 hr dark cycle, mice in the hypoxia groups were exposed to normoxia in the animal facility outside the chambers. A control normoxia group was exposed to a continuous flow of room air. Hypoxia exposure was continuously monitored and recorded via internal oxygen sensors built into the computer-regulated Oxycycler device and periodically cross-verified with external oxygen sensors (ISO-OXY-2, World Precision Instruments). Normoxia and hypoxia treatments were maintained for the duration of the study.
Micro-CT Set-Up, Acquisition, And Analysis
Microt-CT imaging and analysis was carried out as described and previously performed. 17 
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Biochemical Assays
Serum ALT and AST were measured by the University Animal Care Pathological Services at The University of Arizona using the DRI-CHEM 7000 Chemistry Analyzer (Heska).
Quantitative Real-Time PCR
Total RNA was isolated from tissue using kits and manufacturer protocols. Additional detail on qPCR is provided in an online data supplement.
Immunohistochemistry Staining And Analysis
Histological preparations were done by the University of Arizona Tissue Acquisition and Cellular/Molecular Analysis Shared Resource (TACMASR). Pathological interpretation and scoring were performed by an experienced veterinary pathologist (D. Besselsen) blinded to the experimental design and sample group assignment. For more detail, see online data supplement.
Statistics
Statistical significance was determined using a repeated measures 2-way ANOVA to compare means of multiple groups. Differences among groups were carried out by the Mann-Whitney U-test. Ranking correlations were done using Spearman's test. Data are expressed as mean ± SEM, and a P value of ≤0.05 was considered statistically significant.
Results
Hypoxia Suppresses The Weight Gain Induced By A High-Fat Diet
In order to test for an interaction between OSA-related hypoxia, steatosis and liver tumorigenesis we utilized mice as our model system. However, mice are not naturally prone to develop OSA even in the presence of obesity in part due to their upper airway anatomy. Therefore, in order to expose mice to hypoxia patterns that mimic OSA, mice were housed in hypoxia chambers during the light cycle every day for the duration of the experiment as described in Methods. In order to ensure that our hypoxia treatments successfully achieved hypoxia in the liver, we examined the expression of carbonic anhydrase 9 (CA9), a well-established marker of hypoxia, in liver sections from control and treatment animals. [18] [19] [20] Sequential liver sections were immunohistochemically stained for CA9 and analyzed ( Figure 1A ). Image analysis of the resulting slides showed that the three experimental groups (D+P+Hx, D+P+HF, D +P+Hx+Hf) exhibited a marked increase in CA9 staining suggesting that our protocol achieved hypoxia in the livers of mice exposed to hypoxia ( Figure 1B ). Unexpectedly we also saw an increase in CA9 staining of obese animals that were fed the high-fat diet. Because our hypothesis suggested that obesity is an important factor in liver tumorigenesis, we examined the weights of animals in our study which is graphed in Figure 1C . As can be seen mice in the two control groups, untreated (control) and carcinogen treated only (D+P) showed weight gain that plateaued around 12 weeks. Most animals attained a final weight gain of 11 to 14 grams ( Figure 1D ). As expected, weights of the animals on the high-fat diet (D+P+HF) continued to increase until about week 24. After that, the weight of these animals remained steady for the duration of the experiment. The average final weight gain of these animals was about 22 grams or about 8-10 grams more than the maximum weight of the control animals ( Figure 1D ). This weight gain was significantly greater than the animals in the control group D+P (p ≤ 0.05). Importantly, these animals attained obesity around week 22 which according to the Mouse Phenome Database is defined as two standard deviations above the average gross body weight of control mice. Surprisingly, weight gain of combination treatment animals (high fat + hypoxia, D+P+Hx+HF) did not follow the same trajectory. Instead weight gain in these animals was similar to the control groups ( Figure 1C ). Weight gain maximized at around 12 weeks and the final weight gain of these animals was about 12-15 grams ( Figure 1D ). This weight gain was significantly less than the high-fat diet group (D+P+HF; p < 0.05) which suggested that hypoxia could suppress weight gain induced by a high-fat diet. One potential explanation for this is that the combination group animals simply ate less food. To examine this, we measured food intake for both the high-fat group (D+P+HF) and the combination group (D+P+HF+Hx) over a period of several weeks. The results, graphed in Figure E1 (see online data supplement), show that the combination group consumed more food than did the high-fat only group (p ≤ 0.01). Hence, the reduced weight gain of the animals in the combination group could not be explained by reduced calorie intake. That hypoxia can suppress weight gain was further supported by the result that weight gain by the hypoxia only treated animals (D+P+Hx) was also less than the control groups ( Figure 1C and D, p ≤ 0.01). Collectively our data show that animals on the high-fat diet attained obesity at around week 22 and this effect was suppressed when combined with hypoxia.
Micro-CT Images Reveal Tumor Burden In D+P+HF And D+P+H+HF Mice
We examined tumorigenesis in the groups in several ways. In the first method micro-computed tomography (CT) was used to quantify the tumors in each of the groups noninvasively. Micro-CT analysis performed at 48 weeks showed that out of the five groups the D+P+HF and D+P +Hx+HF groups had suspicious liver lesions (Figure 2A ). Gross pathology examination of the livers taken at harvest time revealed liver lesions in all groups, although to varying degrees, except for control animals ( Figure 2B and see Figure E2 in the online data supplement). Importantly, animals in the high-fat diet showed significantly greater numbers of liver lesions in gross pathology of all types and sizes when compared to the control group (p < 0.01) Figure 1 Male Balb/C mice were exposed to diethylnitrosamine and phenobarbital (D+P), or additionally exposed to hypoxia (D+P+Hx), given a high-fat diet (D+P+HF), or both hypoxia and a high-fat diet (D+P+Hx+HF) for 48 weeks. Control animals were left untreated. Weights of the animals were determined twice weekly. (see Figure E2 in the online data supplement). Next, we followed Thoolen et al for histological assessment of the liver tissue sections stained with hematoxylin and eosin (H&E) which enabled us to histologically classify the sections into four morphological types; normal liver tissue without liver lesions; hepatocellular foci of cellular alteration (foci); hepatocellular adenoma; and hepatocellular carcinoma ( Figure 2C ). 21 We also examined the liver sections for markers of hepatic steatosis including microvesicular and macrovesicular steatosis; representative examples are shown in the D+P+HF and D+P+Hx+HF groups in Figure 2C . Histological analysis was used to determine the number of hepatocellular foci, adenomas, and carcinomas per mouse in control, D+P, D+P+Hx, D+P +HF, and D+P+Hx+HF mice after 48-weeks on study (Figure 3 ). Control mice exhibited no hepatic lesions of any kind. D+P mice had hepatocellular foci, but neither adenomas nor carcinomas were detected. Furthermore, hepatocellular foci were significantly greater in D+P+HF when compared to D+P+Hx+HF groups (p < 0.05). Adenomas were detected in the D+P+Hx, D+P+HF, and D+P+Hx+HF groups. The largest number of adenomas were seen in the D+P+HF group which was significantly greater than in either the D+P or D+P+Hx groups (p ≤ 0.01 and p ≤ 0.05, respectively). Taken together, these suggest that the effects of hypoxia can counteract the deleterious effect of a high-fat diet. Nevertheless, only one carcinomatous lesion developed in the entire experiment involving 20 animals and it was detected in the D+P+Hx+HF group.
Increased Liver Fat Accumulation Positively Correlates With Hepatocellular Adenoma Formation
Our observation that the largest number of adenomas occurred in the D+P+HF group prompted us to quantify the extent of fat deposits in the liver and then to test whether fat accumulation could predict the development of adenomas. We quantified the average percent fat accumulation for each group by analyzing whole liver H&E stained slides as described in materials and methods. The results ( Figure 4A) show that average percent liver fat accumulation for the D+P+HF group was significantly higher than the D+P group (p < 0.05) and was greater than the D+P+Hx+HF group indicating that fat accumulation was most prevalent in the livers of the D+P+HF animals. Consistent with this, we observed a greater incidence of microvesicular and macrovesicular steatosis in the livers of D+P+HF compared to all other groups (data not shown). We then tested whether the percent liver fat correlated with the development of hepatocellular adenomas and found a strong correlation between the two (r=0.7504; p < 0.001) ( Figure 4B ). Thus, a high-fat diet correlates with the development of hepatocellular adenomas.
An HF Diet Increases The Presence Of Liver Injury-Associated Enzymes
Given the prevalence of hepatic lesions in some of the treatment groups we suspected that some of the groups might be experiencing liver damage. Two enzymes, aspartate aminotransferase (AST) and alanine aminotransferase (ALT), are well-known markers of liver injury and useful surrogate measures of NAFLD in humans. Hence, we sought to evaluate the state of the liver of the animals in our experimental groups by analyzing serum samples for AST and ALT. We found that serum levels of both AST and ALT tended to increase in both D+P+HF and D+P+Hx +HF groups relative to D+P ( Figure 5A and D) . When we compared AST and ALT serum levels with percent liver fat, we found a strong correlation between both enzymes and percent liver fat (p < 0.01) ( Figure 5B and E) suggesting that the increase in liver fat, and therefore steatosis, resulted in hepatocellular injury. These results prompted us to test whether serum enzyme levels could predict adenoma formation. While we found a significant correlation between AST and hepatocellular adenomas (p < 0.05) we found no significant correlation between serum ALT levels and adenoma formation ( Figure 5C and F) . Taken together these results indicate that the steatosis caused by the highfat diet leads to hepatocellular injury and release of AST and ALT but that the degree of hepatocellular injury is only weakly associated with the development of liver adenomas.
HIF-1α Positively Correlates With Both Fat Accumulation And Adenoma Formation
Hypoxia is an initiator of several molecular processes that drive tumor development. For example, hypoxia-inducible factor 1-alpha (HIF-1α), a master regulator of hypoxic response, is overexpressed in HCC and has been identified as a pharmacological target for cancer prevention. We quantified HIF-1α expression in the livers of our test animals using qRT-PCR. The levels of HIF-1α in the D+P, D+P +Hx, and the D+P+HF+HF group showed levels of HIF-1a expression similar to each other ( Figure 6A) . Surprisingly, we found the highest increase of liver HIF-1α expression levels in the D+P+HF group which was significantly greater than either the hypoxia only (D+P+Hx) or the combination group (D+P+Hx+HF) (p ≤ 0.05). We verified our qRT-PCR results by analyzing VEGF (Figure 6B ), a downstream target of HIF-1α, confirming our qRT-PCR findings of HIF-1α. These observations suggested that HIF-1α expression could be activated by the steatosis induced by the high-fat diet. To test this, we assessed the correlation between HIF-1α expression and percent liver fat and found a significant correlation between the two (p < 0.05) ( Figure 6C ). Next, we tested for and found a strong correlation between HIF-1α expression and the number of hepatocellular adenomas (p < 0.001) that developed in the test mice ( Figure 6D) . These results suggest that liver fat accumulation (steatosis) leads to increased expression of HIF-1α and that it promotes hepatocellular adenoma development.
Discussion
In this study, we examined the interaction between hypoxia (OSA), steatosis and hepatic tumorigenesis. Our initial intent was to determine whether hypoxia and obesity 
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Sweeney et al could act synergistically to enhance liver tumorigenesis. However, we encountered an unexpected issue that revealed a surprisingly complex relationship between these three factors. Our comparative obesity group of animals was placed on a high-fat diet in order to observe the effects that this had on the liver. As expected, these animals developed steatosis that was detected as fatty deposits throughout the liver and markers for liver damage became elevated. Importantly, this coincided with a significant increase in the number of liver adenomas suggesting that liver tumorigenesis was enhanced by steatosis.
In contrast, the combination group, fed a high-fat diet and also exposed to hypoxia, showed an unexpected lack of weight gain and did not become obese. Instead, the kinetics of weight gain and the final average weight of these animals was the same as the control and carcinogen only animals suggesting that hypoxia counteracted the weight gain caused by the high-fat diet. This lack of weight gain could not be explained by the animals eating less chow because measuring chow intake for animals in this group showed that they were eating significantly more than the high-fat diet group ( Figure 1E ). Importantly, other markers of liver dysfunction were also suppressed in the combination group. The livers of these animals showed fewer fatty deposits, and a reduction in the frequency of adenomas compared to the highfat only animals suggesting that hypoxia could suppress the detrimental effects of a high-fat diet. That hypoxia suppressed the effects of a high-fat diet is supported by two additional observations. First, animals in the hypoxia only group (D+P+Hx) showed weights that were significantly less than the average weights of animals in the control groups. Second, we found that animals that were already obese from a high-fat diet and that were then transitioned to the hypoxia regimen lost weight after the transition until the average weights of these animals were the same as the control groups (data not shown). Thus, hypoxia not only suppresses the effects of a high-fat diet but can reverse its effects. This parallels findings in humans in that abrogation of hypoxia (by treating OSA) leads to weight gain in meta-analysis of studies assessing weight gain following treatment initiation for OSA with positive airway pressure therapy. 22 We saw a similar relationship between the high-fat diet and hypoxia concerning liver tumorigenesis. The greatest number of liver adenomas occurred in the high-fat group (D+P+HF) while the other groups showed significantly fewer adenomas suggesting that hypoxia suppresses the development of adenomas that are associated with obesity and steatosis.
Although we observed numerous adenomas in the experimental groups only one carcinoma developed which occurred in a combination group animal even though significantly fewer adenomas developed in this group. We cannot draw conclusions from a single observation. However, it raises the intriguing possibility that neoplastic progression of adenomas in the liver is promoted by the combination of hypoxia with a high-fat diet. Further emphasizing hypoxia as a tumor promoter. 23 It is evident that fat metabolism in these animals has been altered by hypoxia which manifested as reduced weight gain and the lack of fat accumulation in the liver. If correct, then it may be that neoplastic progression of adenomas is promoted by the altered lipid metabolism that occurs when hypoxia is combined with a high-fat diet.
Hypoxia-inducible factors are key transcriptional regulators that become activated in response to low oxygen levels in tissues and stimulate angiogenesis. 24 Hence, we expected to see a stronger relationship between HIF-1a levels and hypoxia. However, recent evidence indicates that hypoxia-inducible factors also may promote hepatic lipid accumulation. [25] [26] [27] Interestingly, we found that the highest levels of HIF-1a occurred in the high-fat group suggesting that lipid accumulation, in addition to hypoxia, stimulates HIF-1a expression. Unexpectedly, we found that combining a high-fat diet with hypoxia led to reduced HIF-1a expression compared to high fat only. This could be caused by the hypoxia suppressed fat accumulation which would be consistent with the notion that fat accumulation promotes HIF-1a expression. Alternatively, it may be that steatosis creates an "endogenous hypoxic" microenvironment near the pericentral hepatocytes which lead to an increase in the expression of HIF-1α.
Conclusion
Collectively our results suggest that hypoxia may be beneficial at least as it relates to a high-fat diet and the damage caused by fat accumulation in the liver (steatosis). This effect is not without precedent as it has been observed that individuals residing at high-altitude where they experience reduced oxygen leads to body weight reduction without physical exercise. 28, 29 However, it should be noted that the combination of a high-fat diet with hypoxia also resulted in an advanced neoplasm even though markers of liver damage were reduced. It seems evident that lipid metabolism in the combination group is abnormal. Hence, the abnormal metabolic environment created by this combination may not be beneficial with regard to liver tumorigenesis.
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